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IIOBBIIIIEHHOM TOYHOCTHU B IIPOEKTUPOBAHUU
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ITpennoxkensl 3¢pEKTUBABIE BEMMUCIHTENHHBIE METOIBI [T HCCJAGIOBAHAA MATEMATHICCKIX
MoJieell AHTEHHBIX CHCTeM. JIJIf MOCTPOEHHA MATEMATHYECKHX MOJIENEH HCIOMb3YIOTCA CTPOTHE
JIEKTPOJMHAMAYECKIE [PUHIUIBI W YPABHEHHA. |IpUMEHEHHe KBAAPATYDPHBIX  hOpPMYJT
HOBBIMIEHHOH TOYHOCTH JUTsl PENICHUS HHTErPAJIBHOTO yPABHEHHA IIOKJIMHTITOHA W CHEIHATBHOH
PEryJIAPUBHPYIOMEHl NPOUEAYDBl /Il HHTErPANBHOTO ypabHeHEHs 1] poma MO3BOJIAET TOJYIUTH
YCTOHYUBBIE DE3YJIBTATEI MOJEIUPOBAHUA C 33JAHHOH TOYHOCTBIO W BBICOKAMH JUHAMUIECKAMHI
XAPAKTEPUCTHKAMI.

Kamouesvie Ca08G: MAMEMGMUNECKGS MOJENb, UHMEZDGADHDIE YPLEHEHUA, KEGOPLMYPHDLE
dopmyav, Fayeca — Jexcandpa.

[Tocrpoenne sdderTHBHBIX MaTeMaTHueckKux Mojeaeil (MM) ca02KHBIX AHTEHHBIX CHCTEM
OpeanosiaraeT HUCIOJIb30BAHNE CTPOTHX 3JeKTPOJWHAMHYUECKAX NPUHITAIIOB W ypaBHEHWH, a
TakXkKe ODOCHOBAHWE  UCHOJb3YeMON  hopMaaM3aluy  I'PAHUYHBIX  YCJOBUH,  OIEHKY
TIOTPENTHOCTEHN, BHI3BAHHBIX YUCAEHHBIMHA METOJIAMH WCCJEIOBAHUS W KOHEYHBIMU DECYPCAMU
BBIYUCIUTENBHON TexHUuKU. HeobX0oIuMOCTE CTPOroro 3JIEKTPOAUHAMUYECKOIO TOJIX0Ja B
3a/a49ax [IPOEKTUPOBAHUS AHTEHHBIX CHUCTEM BbI3BAHA, B MEPBYID OYepelb, HEOOXOIUMOCTHIO
HOBBIIIEHUS  TOYHOCTH  MOJIEJIUPOBAHUSA, TaK KakK  Bo3pacrawinue TpeboBaHUA K
(DYHKIMOHAJIBHBIM XapAKTEPUCTHKAM CJIOKHBIX AHTEHHBIX CHCTeM (THODHIHBIE 3epKaJbHbIE
AHTEHHBI, MHOI'O3JIEMEHTHBIE (DA3UPOBAHHBIE AHTEHHBIE pEHIETKY, NIUMPOBbIE aHTEHHBIE
PEIIETKH) NPUBOJAT K HEOOXOAUMOCTH yuera OOBINIOrO YHCAA DPA3ANIHBIX (DAKTOPOB,
HalnpumMep, obecrieyeHre NapaMeTPOB JIEKTPOMATHUTHON COBMECTUMOCTH, PAbOTa B CJIOXKHON
noMexoBoit obcranoeke. Ilpu aToMm B psje ciaydaes nmoMumo TpPeGOBAHUI BBICOKOU TOYHOCTU
MOJIE/IMPOBAHUS AHTEHHBIX CHUCTEM BAXKHOE NPAKTUYECKOE 3HAYEHUE MPUOOPETAIOT BOIIPOCHI
TIOBBIITIEHHON CKOPOCTH TOJydeHUs PE3YABTATOB BBITUCIEHUHN.

MIupoko MCHoNb3yeMblil MeToJ WHTerpaJsibHbiX ypapHenuidi (UY) mag nmocrpoenus MM
3a/1a4 [IPOEKTUPOBAHUS AHTEHHBIX CHUCTEM UMEET CBOU OCOOEHHOCTM U O0JACTU NPUMEHEHUS
[1]. Meron WY gpagercs ajbTeDHATHBHBIM METOJOM DEIIEHHs KPAEBBIX 33744, [OITOMY B
OJHUX 3aja4ax ero InpumeHeHue 3H@PeKTUBHO, a B apyrux Her. OJHUM U3 KpUTEPUEB
nesiecoobpasHocT upruMeHenus Y dBaseTcd ONPEIeJEHHOE COOTBETCTBUE IJIEKTPUUECKUX
Pa3MepPOB HUCCIIEIYEeMbIX OObEKTOB JIJINHE BOJIHBI BO3OYXKJIAIIIETO JIEKTPOMATHUTHOI'O TIOJIS.
Bax#o ormeruts, uro WY opMyaupyooTcd Ha OCHOBE CTPOIHX 3JIEKTPOIMHAMUYIECKUX
VPABHEHU W TPUHITUIIOB, HAIIPUMED, ¢ HWCHOJIL30BaHWEM JieMMbl JIopeHIla B WHTErpaJibHOMN
dopwme. B padote [2] ormeueno, uyto UV 2/eKTPOIMHAMUIKY TO3BOJISIOT IPEACTABUTH KPACBYO
3aJa9y KaK 3319y ¢ HeJOKAJBHBIMU T'DAHUIHBIMU yCIOBHSMHN. lorja Ajs HeOTHOPOIHBIX
00'bEKTOB BHYTPEHHEE II0JI€ MOXKET ObITb BBIPAXKEHO HENOCPEICTBEHHO 4Yepe3 BO30YKIAMIEe
ToJIe, a TI0JIe PACCEedHUs ONpedesiseTcs Ha BTOPOM ITAIle TIOCTPOEHN DEIeHns.

Oprasuszanus BbIYUCJATEIbHBIX cxeM ucciaegosanus MM Ha ocuoe WY t1pebyer
PAIIMOHAJIBHOIO TOAX0AA K (DOPMUPOBAHUIO CHUCTEM JUHEHHBIX aJredpandecKux ypaBHEHUH
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(CJIAY), K KOTODBIM TPHUBOAAT NPSMbIE METOABI JUCKpeTusanmu Y, Hanpumep, MeTo]
mMomenTos [3|. Vcnonb3oBanne AUCKpeTHBIX (OPM NIPEJICTABICHUS DEIICHUS B BHUJIE CHCTEMBI
0a3nCHbIX W NOPOOHBIX (DYHKIWN TPUBOAUT K HEOOXOJAMMOCTH BBIIOJHEHUS OHepamuil
YUCJIEHHOIO WHTEIPUPOBAHUS C BO3MOXKHO OOJIBINEH TOYHOCTBHH) IPU  MUHUMAJIBHBIX
BPEMEHHBIX 3aTparax. B nepeyo ouyepeas 310 orHocutcd K MM KpynHOpasMepHbIX 06LEKTOB,
xorja reHepupyemast CJIAY uMmeeT pasMepHOCTH TOPIIKA 10°x10° snemenros. B Taxux
3aja4ax ObICTPO HAPACTAMIINE IIOIPEITHOCTY OKDPYIJIEHUS UPU  BBIIOJHEHUN OGOJIBIIOIO
KOIMIeCcTBa onepanuilt mo obpabotke koadpdpurnmentos CJIAY mOpuBOAAT K OSIBICHUIO
HEKOHTPOJIUPYEMbBIX OCHMJUINPYIOIUX omubok pernerusd. Guiabrpaling Takux OIMUO0K MOXKET
ObITH IHPOBEJEHA AUNPOKCUMAIMEH perieHus Oa3UCHbIMU — (DYHKIUAMU, OTBEYAIINX
TpeboBaHUAM (HUNYECKON pean3yeMocT U AlPUOPHON MHMOPMAIIUU O CBOUCTBAX pElIeHUd,
HAIIpUMeED, IPUHAJIIEKHOCTH K ONPEIeIeHHBIM (DyHKIHOHATBHBIM npocTpadcTBaM (CoGosesa,
Tenpaepa) [4].

Tak xKax OCHOBHOI xapakKTepHOI depToii mcciemoBanua MM Ha ocHoBe UY gpasgercs
penykiug k CJIAY, wacto oveHp OOABINION pPa3MEPHOCTH, TO BOIPOCHI BBIYHC/ICHUS,
aJpecannun U IIocjaenoBaTebHOCTH 00padboTku KoadgdunuenTos CJIAY npuobperaior BazKHOE
OpakTHdecKoe 3HadeHMe. [Ipm s3ToM Heoxommmo oTMeTHTh, uTOo MM 338789 NpoeKTHpOBaHUS
AHTEHHBIX CUCTEM UMEKT BEKTOPHBI KOMILIEKCHBIH XapakTep. DTO OPUBOJIUT K BbIPAXKEHHON
O6aounoit  crpykType CJIAY, Tak wak jauckpetHas ¢opma WY  mpeanonaraer
[I0C/IeJOBATEIBHBIN Iepebop BeeX (DUKCHPOBAHHBIX TOYEK HAOJIIOIeHNS B 00JACTH IOCTPOESHUS
pertenns.  Jna  pemenns CJTAY  MoryT ObITh  WCHIOAB30BAHBI KAK TPSMBIE, TaK U
WTEPAIIOHHBIE  METOJ/bI, BbIOOP KOTODBIX OIPENENSeTCs Pa3sMEPHOCTHIO  3aja4dd U
KOMIIbIOTEPHBIMU pecypcamu. Hanpuwmep, HUCIOIb30BaHIE CYyTIEPKOMIBIOTEPHOTO
MOJIE/IUPOBAHUS JIJIsl IPAMBIX METOJOB MO3BOJIAET aHAJU3UPOBATL 110JI€ U3JIYIeHUs aHTEHHBIX
CHUCTEM, YCTAHOBJIEHHBIX HA CPEJHEPA3MEDPHBIX adPOJUMHAMUYECKNX 00bekTax. Kie OoJsibiue
BO3MOYKHOCTHU TIOABJISIOTCS UPU UCIOJJL30BAHUN UTEPAIIMOHHBIX METOIOB, HO 3JeCh OBICTPO
HApacTaeT BpeMs peleHnsd 3aJa91.

Berancaenne xoaddunmentos CJTAY  ocHoBaHO HA HMCHOAB30BAHUN  KBA,IPATYPHBIX
dopmya — Cumncona, Herorona — Koreca, [Naycca — Jlexxannpa. O61ias olieHKa IIOTPEITHOCTH
MM paccMaTpuBaeMbIX 33Jlad  HAOPAMYK CBS33aHA C [OIPENIHOCTHAMHU  UCIOJIB3YMBbIX
KBaJIPATYPHBIX (DOPMYJI, CJIEIOBATEJIBEHO, BOIPOCHI BHIGOPA U PAIUOHAJIBHON IIPOrpaMMHON
peasu3aluy YUCJIEHHOIO UHTEIPUPOBAHUS TAKXKE NMEIT BaXKHOE [PAKTUIECKOE 3HAUCHUE.

Takum 06pazomM, paspaboTKa BBIYNUCAUTEILHBIX CXEM THOBBIIIEHHON TOYHOCTH DPACIIUPSIET
BO3MOYKHOCTH MOJIEJINPOBAHUS CJIOXKHBIX AHTEHHBIX CHUCTEM, KOI'JIA TOSBJISETCH BO3MOXKHOCTD
y4deTa H60JIBIIOr0 KOAUYecTBa (haKTOPOB, BAUMIOIINX HA TOYHOCTH PE3YJIBTATOB UCC/IEI0BAHNS.
Takue BBIMUCIUTENBHBIE CXEMbI IIPEAIOJIATAI0T OINTUMU3AINKD KAK METOJ0B (hOPMUPOBAHUS
CJTAY, Tak 1 TpOrpaMMHON pea3aliil METOA0B YUC/IEHHOTO WHTEIPUPOBAHNS C BBICOKIMU
JAUHAMUYECKUMU CBOMCTBAMU U C 33JaHHONM TOYHOCTBIO.

PaccMorpruM HEKOTOPBIE HpPUMEPBHI HPUMEHEHUS BBIYUCIUTEIBHBIX CXEM [OBBIIIEHHON

TOYHOCTU.

1. MM BubpaTOpHBIX H3JyUaTejieili B TOHKOIMPOBOJOYHOM

npuoINKEeHUU

BI/I6paTOprIe U3jaydaTesn ABAA0TCA OJHUMU U3 HanmboJee YacTo UCTOJAb3YEeMbIX TIDN

IIPOEKTUPOBAHNN AHTEHHbIX CHCTEM. HpOCTOTa KOHCTPYKIUM, KOMIAKTHOCTL, BbICOKAA
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TEXHOJIOTHIHOCTD M3TOTOBJIEHUS OIPEIeSISIOT NIMPOKOe TIpUMeHeHNe TaKNX HU3JIydaTesell Kak
B BUJE OTHEJBHBIX AHTEHH, TAK U B COCTABE CJIOXKHBIX MHOIO3JeMeHTHBHIX cucreM — DAP,
MHOT'OJIYYEBbIX W AKTUBHBIX AaHTEHHBIX perieTok. JleranbHoe msyuyenne MM BubparTopHbIX
n3aydaTesell IO3BOJSIET UCCIAeJOBATH € BBICOKON CTENEHBIO JIOCTOBEPHOCTH 3ABUCHMOCTHU
BXO/THOT'O COTPOTHUBJIEHNS B IIOJOCE YaCTOT ¢ YIETOM B3aUMHOTO BJIUSHUS I CKAHUPYIONTIX
AHTEHHBIX PEIIETOK. DTO IO3BOJISET TPOEKTUPOBATH OITUMAJBHbBIE COIVIACYIOIIUE YCTPONHCTBA,
uccsenosars nosenenne JH, koaddunmenra HanpapaenHoro aeficreus (KHII) anTeHHOM
CHCTEMBI B CEKTOPEe CKAHWPOBAHUS U 33JIaHHOM TOJ0Ce JACTOT.

Paccvorpum MM BubGpaTopHOro n3jiydaTesis B TOHKOIPOBOJOYHOM NPUOJIMKEHUN, KOIa
paJuyc NPOBOJIHUKOB IUied BUOPATOPOB a K A, rje A — JJIMHA BOJHBI BO30YKIAMIIETIO TIOJIS.
Crporast sjiekTpoanHaMuydeckas ¢opmyaupoeka MM B sToM cayuae npusoaur k UNY
[Moknaunrrona [5]. B OCHOBHO# JeKapTOBOH cucTeMe KOODAWHAT X,V,Z U CBA3AHHON ¢ Hel

cepuyeckoil cucremoit KooppuHaT R,0,@ BbIIEIUM TOYKY (xo, yo,zo), COBIAJAIIYIO C IICH-
TPOM CHUMMETPHUYHOIO BUOPATOPHOIO M3/ydaTe/d. BBejeM eIMHHYHBIA OPT iy, ONpPEIeJIAr0-

A NIPOU3BOJIbBHYIO IIPOCTPAHCTBEHHYIO OPUEHTAIIUIO OCU U3JydaTesd:

iy =i, -sinf; -cosgpy, +z?y-sin6’d-singod +1i,-cosfy, (1)

rae  O;,¢;— YUDJIOBBIE KOOpPJUHATHI och. B Touky (xO, yO,ZO) IIOMECTUM  HAYaJIO
BCIIOMOT'QTEAbHON IMINHIAPUYECKON cucTteMbl KoopauHat <£,p,w , rAe ¢ — KOOpPAUHATA
BBICOTBI; P — KOOpJUHATA PAJANYCa; I/ — a3uMyTaJbHas KOODJUHATA TOYKU HADJIIOJIEHUS.
Bribop aT0ll cuctemMbl KOOPAMHAT OOYCJAOBJEH TOJIBKO BHYTPEHHEH CTPYKTYPOH 4YUCJAEHHOrO
pemenna WY ITIokAWATTOHA, BCEe OCTAJbHBIE TEOMETPUYECKUE OIepaluy TPOU3BOAATCH B
OCHOBHOM cucTeMe KoopAWHAT. Bynem ncoab3oaTh Y [IokKAMHITOHA CIEYIONIETO BUIA!

2 _ A4rik

h
Ild(‘f') j?”fz G(&-¢")de > iy E; (&), —-h<{ <h, (2)
“n

c

re Iy~ pacipejeseHne JHHeHHOro TOKa 10 ocu Bubparopa, Iy (+h)=0; h=1/2; |- nnuna

BuGparopa; k=27/4; G(cj—cj') = exp(—ikr)/rf dyraKIUA, oupeneadwiad dapo KNV

-

2
r= (Cj -4 ') +a2, INTPUX O3HAYAET NPUHAJIC’KHOCTb K TOYKE HUHTerpUpoBaHud; F —

BEKTOD HAIPSAXKEHHOCTH 3JIEKTPUYECKOIO II0Jisd  BO30YKIEHUS; Zczqf,ua /€, — BOIHOBOE

conporusaenne cpeabl. Cremyst ofHOM 13 HamGoJee JacTO MCHOIb3YEMBIX CXEM HHICJIECHHOTO
pemennsa WY (2), paccmorpum  caenymwoliee npeicrapierne GyHkuun G B BBIGPAHHOM
cHucTeMe KOOpAMHAT []:

1 27Te—ikr
2n 0 7

G(¢.p)=

rae r:\/gﬁ’z +p*+a* —2apcosy’. Tlpm pemwennun WY (2) nmag  TOHKONPOBOJIOYHOTO
npubsnmxkennss p=a. Heobxonumo orMernTsb, 4To yncsaeHHoe pemenue 1Y (2) ¢ cunbHOl

0COOEHHOCTBIO TpebyeT — HAXOXKJeHWs 3HadeHUH YHKIUH (3) ¢ BBICOKOH TOYHOCTBIO,

0CODEHHO I Caydad ]g ‘ — 0, KOTOpBI B OCHOBHOM U OIPEJIEISIET yCTONINBOCTD U TOYHOCTD
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Bcero pernenns [3]. IIpomssojs sameHy mepeMeHHbIX B (3) Jaas caydasa p=a aupo 1Y

MOXKHO TIPEJICTABUTH CJIEIYIOMIM 00pasom [5]:

L ex (—ikr 1—;<2sin29)
::2K(K)j P\ ma de (4)
T nax 0 1—x2.sin2@

G(¢)

rjae K(I() — TOoJHBIN /umnTHYecknit mHTerpan [ poaa; K:2a/\/§’2+4a2 } Fmax = 20/K ;
6’=(1//'—7z)/2. Takoe mpeacTaBIeHWe AT BO3MOYKHOCTH TOJYYIATHL ACUMOTOTHYIECKYIO

OIEHKY IS CITydas ’Cj ‘ —>0:

1 8
G(l()z—ln—a. (5)
Ta ’cj ‘
Hanee mponsBOANTCS ANNPOKCUMAIUS BTOPOH NpousBoAHOU B sape WY MeToa0M KOHEYHbBIX
pasHOCTENA:
d? G($p1)-2G +G
L G(¢,)= ($n1) (é;m) (§m+l)+0(N2)’ (6)
dg Al
rne Al — wuHTepBaJ pasbueHus JJIMHBI 1JIe4Ya BubpaTopHOro usjaydaress. Heobxoaumo

OTMETHTH, YTO KDUTEPUHM KODPPEKTHOCTH YHCJAEHHOro pemenns WY  npeanonarawor
OJIMHAKOBBIA TMOPSJIOK MOIPEITHOCTY BBIYHUCIUTEIbHBIX TPOUEAYD, [T0ITOMY DA3HbIe OLEHKH
norpemHocT  npu  BbraucaeHun (), (6)  gad  TPOM3BOJBHOIO — DACIOIOXKEHHS —TOYEK
HaOJIIO/ICHNST 1 MCTOYHIKOB 3aTDYIHSAIOT [I0JIyYeHre 00IIell OIEeHKH MOTPEITHOCTH YUCIEHHOTIO
pemenng WY (2). Kpome moro, dopmuposarne CJIAY mnorpebyer B 3TOM ciydae
JIOTIOJTHATEJILHOTO GJI0KA JJIst ONPEJIeJICHHs Caydasi COBIAICHNs ITUX TOYEK, 9TO NPUBOJUT K

YBEJINHYECHNIO BPEMCHU BBIYUCJICHUN.

PacemorpuM BapmasnT npaMoro eeraucaenns Koadgdurmentos CJIAY ¢ menoap3oBaHneM
KBaJpaTypabix Gdopmya [laycca — JlekaHJpa NOBBIIIEHHON TOYHOCTH ©0€3 BBIJIEJIEHN
ocobennocreit (5) u Ge3 ammpokcuManuu (6). B sTOoM caydae mpsMble BBIYHCIEHNS
HPOU3BOJLATCH 10 OJHOW W TOW IKe OJHOPOIHON cxeme ¢ OBIINM IOPSJIKOM IOI'DPEITHOCTH.
BerancanrenpHble  9KCIEPUMEHTHI MTOKA3BIBAIOT, YTO KBaJApaTypHble dopmyasl [aycca —
Jlekanapa ¢ 49ucaoM  y3710B 32 (YeTHOe KOJUYECTBO Y3JIOB TIApPaHTHUDPYET OTCYTCTBUE
ocoberHocTr npu & =¢' ) 06eCIednBAIOT BBICOKYIO YCTORYMBOCTH YHUCJIEHHOIO DEIICHUs NPU

MaJIbIX 3aTpaTax KOMIBITEPHOIO BpeMmeHu. l[lporpammuas peajusanusd KBagpaTypPHON
dopmyast Taycca — Jlexanipa IOCTpOGHA Juisd HMHBapuaHTHOro uarepsana [-L1] ¢
WCTIONB30BAHUeM Tporpamuvbl  legendre cuctemsr MATLAB. Ha pume. 1 mnpwueegeHs
PE3YABTATHI PACYETa PACHPEIEJEHNs TOKA CUMMETPUYHOro Bubparopa jjuHoit [ =0.4857
paguyc a=0,0074. Husa oObeKTUBHON OLEHKU S(PDPEKTUBHOCTA BBIYUCIUTENIBHON CXEMbI
MIOBBINIIEHHON TOYHOCTH JAWcKpeTwusanma WY (2) OpoBeeHa JJid OJHOTO U TOTO Ke
BO3OY2KJIAIOIIErO 110/ B 3a30pe BUGpaTOopa B BUIE J-(MYHKIUU, U JUId OJHOIO U TOTO XKe
Habopa 6asuCHBIX (DYHKINNA METO/1a MOMEHTOB.
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Puc. 1. Pacupejenenne Toka BUOpaTOPHOrO U3JIyYaTEIIsd

BerancanrepHble 9KCIEPUMEHTHI TTOKA3BIBAIOT, YTO TIPH OJHUX W TEX K€ HMCXOTHBIX
JIAHHBIX BBIYUCIUTEIBHAS CXEMa TOBBIIIIEHHON TOYHOCTH W PAIMOHAJILHON OPraHU3aIlNN
dopmvuposanus  CJIAY  ofecneunmBaeT  yMeHbIIEHHe Bpemenn pacderos g0 20%.
CnenoBarenpHO, TpU  pellieHnn  OoJiee  CIAOXKHBIX — 3aJa4d, Haupumep cuHTe3 JIH
MHOTO31eMeHTHON PAP ¢ BUOPATOPHBIMH W3AYYATEISIMH, KOTJA B TEJeBON (DYHKIIUU Ha
KAXJIOM IMare MUHAMUBAIAN  HEOOXOJIMMO  PACCIHTHIBATH  TOKOBBIE  DPACTIPENe/IeHNs
BUOPATOPOB C YIETOM B3AUMHOTO BJIMSHN, TAKAs HYKOHOMUS KOMIBIOTEPHOTO BPEMEHN MOXKET

CYIIECTBEHHO YMEHBIITUTD OOIIee BPEMs PACYETOB.

2. /IBymMepHbIe 3a/1a4u paccesiHuA 3JeKTPOMArHUTHBIX ToJiei

HA UJeaJIbHO MPOBOJAIINX 00beKTax

B zajadax npoeKTHpOBaHUA AHTEHHBIX CUCTEM YaCTO BO3HUKAET HEOOXOJMMOCTH y4eTa
BJINsAHUA O0bEKTAa YCTAHOBKU (GAITHU U MAYTHI DAIHO-TEJEBIU3MOHHbBIX TI€PEIAIINX IEHTPOB,
TEJIEKOMMYHUKAITMOHHBIX cucreM) Ha JIH B BepTUKAJBHONW M MOPU3OHTAIBHON mutockocT. B
pabore [6] mokazaHo, YTO JJIsi AHTEHHBIX CUCTEM BEPTUKAJBHON MOIAPU3AIN, DA3MEIIAeMbIX
BOJIN3N CUCTEMBI TIAPAJUIEJIBHBIX OHOPOIHBIX TPOTAKEHHBIX THJINHIPUYECKIX 00'bEKTOB, OCU
KOTOPBIX TapaJieSbHbl ILUIOCKOCTH TIOJISAPU3AINA AHTEHHOM CHCTEeMBI, ACHMIOTOTHYecKas
orenka JH B ropusoHTaJBHON IUIOCKOCTY JJisd JAJbHEN 30HBI MOXKET OBITH OLPE/Ie/IEHa Yepes
[OJIE PACCESTHUS [IJIOCKON BOJIHBI HA 9TON cucTeMe HMUINHApudecknxX oO0bekToB. [IpakTrnyeckas
3HAYUMOCTB TAKOI'0 HOJX0/1a OObSCHSETCH TEM, YTO PELIeHUe TPEXMEDPHOH 3a/1a4N pacCesHus
BO3OY2KJIAIOIIErO II0Jsi CJOXKHONW AaHTEHHOH CUCTEMBI HA UPOTHKEHHBIX I[[UJIMHIPUYECKIX
oObeKTax HAMHOI'O CJIOXKHEE peIIeHus JIByMEDHOH 3a7a4u pacCesdHUsl [JIOCKON BOJHBI HA

KOHTYpax, 00pa30BaHHLIX  CEYEHUEM  I[[WINHJAPUYECKUX  OOBbEKTOB  IOPU3OHTAJILHON
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IJIOCKOCTHI0. KpoMe TOro, npu NpoeKTUPOBAHAN AHTEHHONM CUCTEMBI 33JaHHBIE TPeOOBAHUA K
AH npenbgaBadmTces MMEHHO Aad JaJibHel 30HBI. C IIOMOIIBIO TAKOI'O IIOJXOJA MOXKHO
peann30BaTh peEIIeHre JIOCTATOYHO CJIOXKHBIX WHZKEHEPHBIX 33134 [7] Taxum obpaszom,
pelieHye OBYMEPHON 3aJa4M pacCedHUs IIJIOCKOH BOJIHBI MMeeT BaxXHOW IpaxkTUYecKoe
3HAYCHUE.

PacecmoTpuMm 3amady paccedHWs IO AHTEHHOM CHCTEMBI, BEKTOD HANPAKEHHOCTU
IEKTPUYUECKOrO II0JIs1 KOTOPON MAapaJIeJIeH OCHAM UWINHAPUYecKuX 00bekToB. [lycrs ocu
00'bEKTOB TIAPAJIIEJIBHBI OCA Z, & CAMU OObEKTHI LIPEJICTABJISIOT COOON Uea bHO TIPOBOISAIINIE
noeepxHOCTH. ECam 3TH TOBEPXHOCTHA yIOBAETBOPLAIOT yCJIOBUIO HenpepblBHOCTH [enpaepa [4]
— B JIOOBIX TOYKAX p,§ NPUHAIIEKAIINX [TOBEPXHOCTH PACCEUBAMIIEIO NPENATCTBAA S,

CYILLECTBYIOT BEKTODbL HOPMaJiell H,,H, , JUlf KOTOPBIX BBIIOJIHAETCs HEPABEHCTBO
— — [24
’”p‘”q’ﬁc‘P—Q‘ s (7)

rae ¢, 0<a <1 — npousBosbpHBIE uncaa. B paccMaTpuBaeMOM BapHUaHTe 3TO YCJAOBHE JOJIXKHO

ObITH TPAHCHOPMHUPOBAHO JIJI KOHTYPOB, OOPA30BAHHBIX CeYeHHEM OOBEKTOB IIJIOCKOCTBHIO,
HepIeHIuKyAdpHOi ocu z. Torja Juis HAXOXKJIEHUSA pacHpeie/eHNs] TOBEPXHOCTHBIX TOKOB

Ha cucreMe N KOHTYpoB L, m=1,N , MoxHO ucnonssosars UY I poxa [3]:
. N
1 . o 2 '
E.(x3)=—5 J' Jom (53" HE () ', (8)
m=1 L,
rae E, (x,y) -~ cansgpHas KOMIOHEHTa HANDSKEHHOCTH S/IEKTPHYECKOrO IO, OIpejeise-

Masg aMILIATyIHO-(ba30BbiM pacupeesaenrneM (ADP) po36yKIeHUs IPOEKTUDYEMON aHTEHHOM

CHUCTEMOIt; 7 =\/(x—x')2 +(y—y')2 : Hg (kl”) — dysxnna [adkeas BTOPOTO poja HYJAEBOTO

nopsiyika. duciaeHHoe pelenne ypapHeHus (8) JaeT BO3MOXKHOCTB IIPOTHO3UPOBATH TIOBEICHUE
(A®P) TOKOB Tex O0BLEKTOB, BAUSHUE KOTOPHIX MOXKET NPUBOJUTH K HAUOOJBIINM HCKaXKe-
HUSM TIOJIA W3JIyYEeHUSA. Y MEHBIIUTH TAKOE BJMFHUE MOXKHO, HAIPHUMED, U3MEHEHUEM PACIIO-
JIOZKEHUS TIPOEKTUPYEMON AHTEHHOW CHUCTEMBI OTHOCHUTENBHO IUJIUHIPUYIECKUX O0beKTOB. B
YACTHOCTHU, y4eT BJIUAHUS [T0sICOB U ONOp OamHu (MadThl) B OOLIEH CTPYKTYDPE MOJIs W3y de-
HUASl AHTEHHON CHCTEMBI JAaeT BO3MOXKHOCTH cuHTe3a ADP Toxkos, dopmupytomumx JH B
HanboJibiell crenenn npubanzKeHHON K 3anannoi JH.

Yucnennoe uccaenopanne MM paccmarpuBaeMoil 3a1a4yn MOXKeET OBbITH [HOJYYEHO Kak
HPAMBIMHY, TaK U UTEPAIMOHHBIMA METOJAMU, KOTOPBIE UMEIT CBOM OCOGEHHOCTH U 00JACTU
npumeHenud. s 3a1a49 60abI1I0H pa3sMEpPHOCTH HIMPOKOE IIPUMEHEHUE MIOJIYYMIN UTepali-
OHHbIE METOJIbl, HAUPUMEDP, MUHUMH3AUUU 0000IeHHbIX HeB#aA30K, Heworona — [aycca. Uc-
nonp3yeMblit mporpaMMubiit kommieke MATLAB npenoctasasger paspaboramkam MM mmpo-
KH€ BO3MOXKHOCTU JJIf COCTABJIEHUS HPOIPAMM C HCHOIb30BAHUEM 3(DMEKTUBHOIO MIPEICTAB-
JieHns MaTpudHbix popMm Function Handle, a panuonasbHas opraansaius OJ0YHON CTPYKTY-
po1 CJITAY ¢ MCIop30BAHNEM HESIBHBIX BJIOYKEHHBIX IHUKJIOB JAET BO3MOXKHOCTH 3HATHUTETHHO
HOBBICUTH ObICTpOJAEHicTBHE TIporpaMM. BaXKHBIM JOCTOMHCTBOM UTEPAIIMOHHBIX METOJOB $B-
JIETCH BO3MOXKHOCTD IIOIIANOBOI0 KOHTPOJISA CKOPOCTU CXOJMMOCTH U HOPMbI HEBS3KU perlle-
Hug. Kpome Toro, npeapapuTeibHble YHUCAEHHBIE SKCIEPUMEHTDI JJIs OJIHOTUIIHBIX 33189 MO-
IyT JaTh HPAKTUYECKUH WHTEPBAJ 3HAYEHUN HOPMBI HEBSA3KU, IPU KOTOPBIX JOCTHUIANTCS

KaK YJOBJETBOPUATEbHASA TOYHOCTD PEIIEHUs, TaK U IpUEMIEeMO€e BpeMsd PacdeToB.
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3HAYUTENBHO PACIHIUPSIET BO3MOXKHOCTUA MATEMATHYECKOI'O MOJIEJUPOBAHNS 0OpPATHBIX
3aJa9 paccesdHUs] UCIOIbL30BAHUE CYNEePKOMIOBIOTEPOB. BOJIBINTIOE KOAWYIECTBO BBIUHUCIATEH-
HBIX IKCIEPUMEHTOB, NpoBedeHHbIX Ha kKjaactepe «CKUD-Ypasa» HOxkHO-Ypasbckoro rocy-
JAPCTBEHHOTO YHUBEPCHUTETA, TTOKA3BIBAIOT, UYTO TOJHBIN UK MOJETUPOBAHUS JIEKTPOIAHA-
MUYEeCKUX 3aJad, BKI4amommi B ceba dopmuposarne CJIAY pasMepHOCTBIO IIOPSIKA
1,3-10° saemenToB 1 pellleHne OpAMBIM METOJIOM UCKIIUeHUs ['aycca He TpeBbIIaeT 3 MU-
ByT. [lepcrieKTHBHBIM HanpaBJeHUEM 3/IeCh ABASIETCH NCIOJIL30BAHUE NTEPAITMOHHBIX METO-
JIOB, TIO3BOJIIONIUX YBEJINYUTEL PA3MepPHOCTD 3aJa91 B JIECATKU Pas.

B oramune ot runepcunryasproro WY IMokaunrrona (2) MY (8) orHocures K Kaaccy
ypaBHEHUN ¢ HMHTErpUpyeMoil JsiorapudmMudeckoili 0COOEHHOCTBI NPU COBHAJEHUN KOOPIUHAT
TOYEK HAOIIOIEHNS W WHTETPUPOBAHNUA. ACHMITOTHYECKOe TToBeAeHre pyHKINN [aHKeIsa pn
r— 0 OpUBOJNT K CJIEYIOIIEMY TpeIcTaBaeHuo saapa WY (8):

A (k) ~1-iZw kA
>0 T e

(9)

rae y=0,5772...— nocroanHasa Diinepa; Al - MHTepBaJ JUCKPETHU3allAd KOHTypa L, IIPHU BbI-

Jgenerun ocobennoctu. [loguepkHeM, 9TO 316eCh, KAK U B [IEPBOM IPHUMEpE, BBOJUTCS TOJBKO
JINIIIb ACUMIITOTIYECKAsd OlleHKa gapa WY, oTopBaHHAas OT OULEHKU IIOBEJEHUS S1Apa I BCEX
OCTAJbHBIX WHTEPBAJOB, I'JIE BO3MOXKHO IIPUMEHEHUE KBAJIPATYPHBIX (DOPMYJI C YETKO Olpe-
JIEJIEHHBIMU OlEHKAMU TIOUPEITHOCTU BbIUnC/eHn. s ycTpaHeHus: Takol HeOlpele/IeHHOCTH
1 BeHAucaeHns Koadduimenton 6aouaroit CJTAY 6yaem 1 Bcex MHTEPBAJIOB JIUCKPETI3A-
U KOHTYPOB L, HCIIOJB30BaTb OJHY U Ty K€ KBaJIPaTypHYIO (OpMYyJly NOBBIIICHHON TOY-

Hoctn I'aycca — Jlekanapa ¢ 9eTHBIM KOJIMYECTBOM Y3JI0B. B 3TOM ciydae aBTOMATHYIECKU
OJOKUpYyeTCs BO3MOXKHOCTE BBIUMCAEHUN NaN |, KOJWYIeCTBO y3JIOB MOYKHO BbIOMDATH C TIOMO-

MBI CJAEIYIOIEd aJanTuBHON npoleaypbl. Beibupaercs HavYaJIbHOE KOJUYECTBO Y3JIOB N_,

OpOBOAUTCH YnciaeHHOe nccaenopanme MM. Iamee KOAMYECTBO Y3J0B TOCAEI0BATENBHO YBe-
JIMHYBacTCAd Ha 2, HOBBIC DE3YJ/JAbTAThl CDABHUBAXOTCHA C IIOJAYYCHHBIMU Ha IIPEALIAYINEM Iare
A7 TIPOBEPKH KPHUTEPHUs 33JaHHOU OTHOCHUTENBHON IIOTPENTHOCTH BBIYMCAeHUM. DBoabmioe
KOJAWYECTBO BbIMUCJUTEC/IbHBIX 3KCICPUMEHTOB IIOKa3bIBACT, HYTO JJid KOJUYeCTBa Y3J10B

Nq =16,18,...,32 npennoXKeHHAd BBIYUCJUTEIbLHAA cxXeMa paboraer Ha 15...18% OblcTpee, gem

TPaJMIMOHHBIA TOJX0M ¢ BbLAeaeHHeM ocobenHocTH (9). CpaBHEHHE MPOU3BOIUIIOCH JIJIS OJI-
HOTO W TOTO K€ YPOBHS OTHOCHTEILHON TIOTPENTHOCTY TP PEITEHIN TECTOBON 387491 TEOPHUN
paccestHIS JIEKTPOMATHUTHBIX IO/l — paccesiHre TIIOCKON BOJTHBI HA WJIEAJIBHO TTPOBOIAIIEM
Kpyropom munHjpe. CyInecTBeHHOe COKpAITeHne BpeMenn uccaenosannsg MM paccmaTpuba-
eMoil 3a/1aun 00yCJIOBIEHO OJIHODOJHON CTPYKTYDPOH NPOrDAMMHOIO KOMILIEKCA BBIYHCIEHUS
ko3 punmentos HyogHott CJIAY u pammoHanpHON opranmsanueit (GpopMUPOBaHUA OJI0KOB
CJTAY. Ha puc. 2 npuseiensl npuMepsbl pacdeta AByX JIH 37eKTpUIecKoro JUNON, PaCcIIo-
JIOXKEHHOI0 BOJIM3H WIEATIBHO NPOBOJLALIEIO SJLTUITHYECKOrO NHJIMHAPA (CIUIONIHBIE JIMHUH),
OoJbINast OCh JIINTICA TIapaJIIesIbHA OCH X .
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0 @.epao

Puc. 2. JIH saexTprudeckoro aunoasd BOIU3U 3/UIUITHYECKOTO ITUJINHIDA

Paccrogaue mexny cdoxycamu asunca 0,654, sxcuenrpucnrer 3Jjuinica paseH 0,72; koop-
AWHATBl  PACIOJOXKEHUS  JUTIONA (xi, yi),i=1,2. O 1 cooTBeTCcTBYeT KOOPAWHATAM
x=0,674; »=0, gna OH 2 x, =0,134; y, =-0,614. Toukamu n#a coorbercrByromux JIIT
OpUBeJeHBl pe3yabTaThl pacdera JH mo aHamuTUdecKmM NTpeACTABIEHUSIM B BUJIE PAIOB TIO
dyaKIUAM dnnTryeckoro nuianaapa Marse, Martbe-Beccens, Marwse-I'ankens. Cpasraenue
stux JH nokaspiBaeT 4eTKOE COOTBETCTBHUE PE3yJbTATOB nccaenoBanns MM anrTeras! B6u3n

OMJIMHAPIYIECKOr o 06BEKTA U U3BECTHBIX TECTOBBIX pacdeTos.

3. Onenka acdpdekrusHoctu MM mnaHeJIbHOTO U3JIy4daTesis

c pedJIeKTOPOM KOHEYHOUW TOJINIUHBI

Has nonyuenns JH, makcumasnbao mpubsarmkenHo# k 3ajgannoit JIH, u obecriedyenuro
tpebyemoro KH/I, B 3aa9ax npOEKTUPOBAHNS AHTEHHBIX CUCTEM OYEHb YACTO UCIOJIb3YHTCSH
naHeJbHBIE uU3AydaTenu. llaHespHBIE W3AYYATENN NIPEJCTABJLIIOT COOOH TIOJYBOJHOBBIE
CUMMETpUYHBbIE BUOpPATOPHBbIE AHTEHHbBI, PACIOJIOXKEHHbIE HAJl [AHEJBI-PEdIIEKTOPOM,
KOTOPBIA 13 coOOpaXKeHuil MUHIMHU3AIUA MACCO-IabapUTHBIX XapPAKTEPUCTUK U YMEHbLIIIEHUS
BETPOBOU HArpy3KW OOBIYHO IPOEKTUpYyeTCd penierdarsiM. [Ipu 9TOM IMprHA U 4YacToTa
PACIIOJIOKEHNS TIOJIOC BBIOGUPAETCS U3 YCJAOBUI HEOOXOIUMOro KOI(MMUIINEHTA SKPAHUPOBAHUS
JIEKTPOMATHUTHOT'O TI0JIS B TEHEBOH 0bJsiactu pedaekTopa.

Paspaborka MM Takoro usjiydaress OnsTb HPHUBOJAAT K HEOOXOJUMOCTU UCIIOJB30BAHNS
CTPOroH 3JIEKTPOJUHAMUYECKON TIOCTAHOBKY 33a9u (POPMUPOBAHUSA OOIIEro TOJId U3JIydeHust
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AHTEHHOH CHUCTEMbI, TaK Kak [IPUOIMIKEHHbIE METO/bl, OCHOBAHHBIE Ha IPUOJINMKEHUU
OECKOHEYHOI'0  MJIEAJIbHO [POBOALAIIEIO 3SKpaHa, JAKT JOCTATOYHO OOJblIde  OUINOKU
onpeaenerud JH. HeobxoanMo mog4epKHYTH, YTO OI'pDAHUYEHHBbIE DPA3MEPBI ITAHEIBHOIO
W3JIyYaTeas UPUBOJLAT K TOMY, 9YTO BCJEICTBUE JUMPAKINAU 3JIEKTPOMAIHUTHOIO IO
BUODATOPHBIX M3JydaTesell ypOBeHb IOJsl M3JIYYCHHs B TEHEBOH o00jacTh (3a NAaHEIbHBIM
U3IydaTeseM) MOXKET NDEBbINATh 3ajaHHbiil yposens JH. Kpome Toro, xapakTepHO# 0co-
OEHHOCTBHIO TIAHEJIBHBIX U3JIydaTesiell dB/IdeTcs HaJU4due METAJJINYeCKON NOBEPXHOCTH KOHEU-
HOP TOJIIMHBL [, B HEKOTOPBIX CJIYUasdX JOCTATOYHO MAJIOI B CPDABHEHHU C JUIAHON BOIHBI A .
B nepeom npubankeHun A8 MATEMATHYECKOIO MOJAEAUPOBAHUS 1015 U3JIYIEHUs [1aHEIBHOIO
M3JIyYaTelsd MOXKHO CYUTATH, YTO NOBEPXHOCTDH [AHENU-pedIeKTOpa dBAseTCd CIIonHoh. B
pabore [7|] moKazaHO, YTO TeEPeXoJ K OGOCHOBAHHON TIE€OMETPUE DEleTdaTol NaHe n-
pedaekTopa He UPUBOJUAT K 3aMETHOMY DACXOXKJIEHUIO PE3YJIBTATOB, HO CYIIECTBEHHO
YMEHBIINAET BPEMEHHbBIE 3aTPAThl MATEMATUYECKOro MojeaupoBanus. C Apyroifi cTopoHsl, B
psjie CAy4aes TOJIIMHA METAJUIMYECKON NOBEPXHOCTH MOXKET IPUHUMATHL OOJIBIINE 3HAYEHUS,
HanpuMmep, Js obecriedeHus 3aJaHHONH MEXAHWUYECKON NPOYHOCTU KOHCTPYKIMK aHTEHHBI. B
CBS3M C 9TUM HEOOXOJIUMO UCIIOJIb30BAHNE YHUMDHUIIMPOBAHHOIO TOAX0Ja K HocTpoeHno MM
paccMaTpUBaEMbIX aHTEHH, OOIIEro i METAJJINYEeCKUX [IOBEPXHOCTEN pa3HOW TOJIIUHBI { U
npoussoabHOU reomerpun. Kpome Toro, MM ucciaenyeMbIx aHTeHH JIOJMKHBI YIUTBHIBATH BJIU-
SdHIE METAJIIMYECKUX I[OBEPXHOCTEN CJA02KHON (OpPMBI HA XAPAKTEPUCTUKU COIVIACOBAHUS B
3aJAHHOHM TI0JIOCE YACTOT, MOJISIPU3AIIMOHHBIE CBOMCTBA TIOJA W3JIyUeHUs, TapaMeTphl dJeK-
TPOMATHATHOH COBMECTUMOCTH.

Pacemorpum  meton mocTpoennst MM mpoeKTupyeMOro TAHEJBHOTO W3JIYYaTedd C
ucrniosibzoanueM WY @penrosibma Il posga, vy KOTOPBIX SAp0 UMEET MHTEIPUPYEMYIO CJAA0YIO
ocobenHocTs. BMecTe ¢ Tem, ucnonszosanue MY Il pona 3aTpyAHUTENBHO JJId OY€Hb MAJbIX
3HAYEHUH ¢, OCOBEHHO /I IUIOCKUX IJIACTUH. DTO CBA3AHO C TEM, YTO JJjs ONPEeNeJeHHOIO
PACIIOJIOKEHNS TOYEK HADJIIOJEHNH U UCTOYHUKOB sapo WY crpeMurcs K HyJH, 4TO Tpedyer
OYeHb BBICOKOHM TOYHOCTU BBIYUCJIEHUS TOJBIHTEIPAJILHBIX (DYHKIUH J1J1si BBIOPAHHOIO METO/IA
nepexoqa K JUCKpeTHOH cxeme. B cBa3zu ¢ 9TtuM, OOJBINOH NpPAKTUYIECKUH UHTEPEC
IpeJICTABISIET UCCJIeIOBAHAe TIPeIebHON BeIUIUHBL f, TP KOTOPOU uucieHHoe perterune Y
IT poma pmg TOHKMX MeTAJAJNYECKUX ITACTHH IPOU3BOABHOU T'e€OMETPUU COOTBETCTBYET
3a/]aHHBIM TPeOOBAHUAM K TOYHOCTH W YCTOUYMBOCTH DEIIeHUd [Jis TPEXMEPHbIX 3ajad. B
KadecTee npumepa eeenem cucremy WY II pona jjist BUGPATOPHOIO U3JIydaTeIs:

—

Js —Ln xI]S x grad'pds' ——n X j 1 x grad'pdx';
2

(10)
—Z—I(]Sxpr"']SyKyp"']sz )ds + leKxxd E.,
c s —h Zc
rje ]’S = z; Jox + z} J syt z; Jsz — DpacupeliesieHHe IIOBEPXHOCTHOI'O TOKa Ha PedJeKTope;

p= exp(—ikr)/r; r= \/(x - x')2 + (y— y')2 +12 ; BubpaTop mapaJieneH ocu x; [,— ADP Toka

Ha BubOpaTOpe, KOTOPOE OIpedessdercd  3aJaHHbIM BO30YKICHUEM E)’C n perieanem K1Y
[ToKAMHITOHA — BTOPOE CjaraeMoe BTOPOro ypasHeHus cucrembl (10). B nepBom ypapHeHun
cuctembl (10) Touka HaBAIOJEHUS DACIOJATAETCS HA HNOBEPXHOCTH pedJIEKTOPA, BO BTOPOM
ypaBHEHHUHU — Ha BUOpaTope, 1pu 3ToM ADPP ToKa [, y4UTBIBaeT BAMAHME NOJA PACCEAHUS OT
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[IOBEPXHOCTH  pedyiekTopa Ha  Bo3OyxKjeHue Bubparopa. ITO JAeT  BO3MOXKHOCTD
AHAJIM3MPOBATH XapPAKTEPUCTUKN COIJIACOBAHUS AHTEHHBI B 33JIaHHONW II0JI0CE  YaCTOoT.
KonkpeTtnbrit BUJI KOMIIOHEHT aapa ny (10) onpe/eJisgercs CTPOrMU
IEKTPOJAUHAMIYECKUMY COOTHOIIIEHUSAMHN JIJIs BEKTOPOB HAIIPSKEHHOCTU 3JIEKTPUYECKOIO U

MAaIrHUTHOI'O IIOJIA.

ucnenHoe perenne cucrembl (10) mospoaser onpenennts AP Kak TOPUEBBIX TOKOB
peduekTopa, Tak 1 ADPP TOKOB Ha «TEHEBOW» INOBEPXHOCTH, YTO 3HAYNUTEIBHO YCIOMKHAET
BBIYUC/IUTE/IbHBIE IIpOLeAypPbl aHaau3a MM aHTeHHBI, HO Takoe pellleHue [103BOJIAeT OLEHUTD
TOHKHE 3>D@EKThl B3aNMOICUCTBUA B HCCAeAyeMOH aHTeHHe. DTO OCOOEHHO BaXKHO, €C/IH
naHeJbHad AaHTEHHA BXOANT B COCTaB aHTeHHOM pemeTku. OmnpeleieHHe MHUHUMAJIBHOTO
3HAUeHUst /A, UpHM KOTODOM He HApYIIAKTCA (DU3MYECKH JOCTOBEPHBIE DE3YJIbTATHI

MOJIE/INPOBAHUS, MOXKHO IOJIyYUTH C TOMOIILID HPOUEAYPhl JUHAMUYECKON CTabUAN3alINY.
g 3TOro BHIONpaeTcs HAYaJbHOE 3HAUEHHe mapamerpa £/ A, HaxXOJuTcs YUCIECHHOE PENeHne

cucrembl (10). OTMeTHM, 9TO s BBIYUCJICHNS MATPUYHBIX KOIDMUIUEHTOB, CASAYIONNAX U3
BBIOPAHHOI'0 METO/IA JUCKPETU3AIUN 331341, 3/1eCh TPeDyeTcs NCIOAb30BAHIE KBAAPATYPHBIX
dOpMyJ  TOBBIIIEHHOW TOYHOCTH, BCJAEJACTBUE OCODEHHOCTEH 1oBeneHus supa UY.
BrruncanrenpHble  3KCIIEPUMEHTHI  [OKA3BIBAKOT, YTO UPHUEMJIEMBIE DPE3YJIBTATHl  MOXKHO
HOJIYYNUTH C TOMOIIBI0 KBaApaTypHbiX dhopmya [aycca — Jlexkanapa ¢ unciom y3sos ot 16 110
32, B 3aBUCUMOCTH OT BeJIMYUHBI Hapamerpa /4. 3areM NIpPOM3BOJANTCS IOMATOBOE

YMEHBbIIEHne napaMerpa f/A ¢ OJHOBPEMEHHBIM KOHTPOJIEM YCTONMMBOCTH YUCIEHHOTO

pertenns, 10 pes3koro waMmeHeHus A®PP MOBePXHOCTHBIX TOKOB peduiekTopa. IucieHHbre
SKCIIEPUMEHTHI TIOKA3BIBAIOT, YTO TAKOW TIOMIATOBBIM MIpOIecc dABASETCI JOCTATOTHO
MOHOTOHHBIM U HApPYIIEHNE CTabOUIBLHOTO U3MEHEHN TOKOBBIX PACHPEIe/IEHN HAUNHAKTCSH CO
snauenuit 1/A<0,005. Hanpumep, nia ananasona 880 — 1100 MI'n MuHMMA/IbHAST TOJIIAHA

pedaekropa pasHa 1,3..1,7 MM, 4YTO BIOJIHE COOTBETCTBYET NAPAMETPAM NIPAKTUIECKUX
KOHCTPYKUUHA NaHEeJbHBIX aHTEHH. 1akuM 00pa3oM, NPeiJIoKeHHAs BbIYNUC/AUTEIbHAS CXEeMa
MOBBIIIIEHHONR TOYHOCTH COBMECTHO C pPAIMOHAJIBHON opranmsamueil popMUpPOBAHHUS OJIOYUHOLM
ctpykTypsl CJTIAY maa TpexMepHOM 3a7a9M HA OCHOBE BJIOXKEHHBIX HEIBHBIX IIHKJIOB JaeT
BO3MOXKHOCTb WCCAEJIOBAHNA IMUPOKOro Kaacca MM mpoexkTupyeMoll aHTEHHON CHCTEMBI.
[lomygyeHHBIE pE3yJBTATHI XOPOIIO COTJIACYIOTCS C W3BECTHBIMU IKCIEPUMEHTAJIbHBIMHI

ACCaACTOBAHNAMI.

4. Koppekimua amniutyaaoit JIH ®AP B 3aj1aHHOM ceKTope

OOKOBOTI'O U3JIyUeHUus

[Ipy OpeKTUpPOBAHWM AHTEHHBIX CHCTEM  YACTO HIPUXOANTCI  yIATBIBATHL DA
JOTIOJTHATEIbHBIX OI'PaHUYEHUHA, BbI3BAHHBIX TpeboBaHUAMU 3JEKTPOMAIrHUTHON
COBMECTUMOCTH, OCOOEHHO MPHU PACIIOJIOKEHUN AHTEHHON CUCTEMBI HA OIDAHUYEHHOM OO'bEKTE
MAJIBIX JIEKTPUIECKUX PasMepoB. s KOMIeHcAITUN BAWSHUS TOMEXOBBIX TTOJell paccesHns,
BBI3BAHHBIX BJIUSHUEM OJIM3KOPACIIOJI0KEHHBIX OOBEKTOB, COCENHUX AHTEHHBIX CUCTEM, B
ammintyaaol JIH HeobxoanMo MUHUMU3UPOBATH YPOBEHb OOKOBBIX JIEIIECTKOB B 33JJaHHOM
YIJIOBOM CEKTOpe, B IHpedejiax KOTOPOro IPOeKTUpyeMasd aHTEHHad CUCTeMa MOIKeT
HNPUHUMATL TIOMEXOBbIE 3JEKTpOMArHuTHble noasd. Hanbonee addexkTnBHO Takas 3ajga4a
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MOXKeT ObITh pemiera g PAP, Tak KAk 19 TaKUX AHTEHHBIX CHUCTEM CYIECTBYeT
BO3MOKHOCTb ~ AJATUBHO YOpPaBiaaATb a3oBbiM  pacnpegenennem (@P) ¢ momonpo
AHAJIOIOBBIX WU JUCKPETHBIX hazoBpammareaeii. [IpumeHeHne JUCKPETHBIX —JUOIHBIX
dazospalaresieil obecednBaeT OYEHb BBICOKUN TEMII EPEKIIOYEHNN, IPU KOTOPOM KaKIbIi
TakT cooTBeTcTBYyeT cpoeii JIH. o mpm »sTom auckperHeii xapaktep @®P nHe Bmoane
COOTBETCTBYET ONTUMAJbLHOMY DACIPENEJIEHUD, CHHTE3 KOTOPOIO MOYKET 00ecreduTh
HanboJsiee TOYHOE BoOcIpou3Bejenue Tpebyemoit JH ¢ MUHUMAJIBHBIM ypPOBHEM B 33JIaHHOM
yraoBoMm cekrope. Ammumryaaoe pacnpenesenue (AP) BosGyxuaenns ®AP B GonbmmHCTBE
CAYYAEB CUUTAETCS TIOCTOSTHHBIM, TaK Kak (QopMupoanne auHamMudecknx AP ammsercs
CJIOZKHOW IIpaKTUYeCKON 3a1a4eii.

PacemoTpuM caeayromyo 3agady. B paMKax paccMOTPEHHBIX BBINE TPEANONOKEHUN O
COOTBETCTBUM ACUMITOTHYIECKUX PEIeHn ABYMEPHBIX U TPeXMepPHBIX 3384 mpelcTaBuM MM
®AP B Bume cucrembl N =32 HATEe! 3JIEKTPUIECKOTO TOKA, MNAPAIICTLHBIX OCH  Z,
00pasyoINUX JIMHEUHYID AaHTEHHYH pELIETKY BEPTUKAJIBHON MOJSAPU3ALAA HAJ HUICAJIBHO
TPOBOJAIINM TIIOCKUM  pedekTopoM. B kadectBe mexomgHoro ADP pozbyxaenns DAP
WCTIONB3YEM THIIOBOM BapWaHT croaaawoonieto K KpagMm AP u cunadaznoe ®P. Paccrosuue
MKy m3aydarenamu nia ckaaupyiomeit ®AP d =0,654, namaa pedpaextopa L =20,944
TOJIIIUHA ! BBHIOMPAETCH AaHAJOIMYHO W3JI0XKEHHON BBbIIIE aNalTUBHON Hpolenype, Ipu
KOTOpOH obecrieunBaeTcs ycToifumBoe uncaenHoe uccaenosanne MM. Beegem ADP TokoB B
BUJIE Jo, (x.3,2)=1,6(x-x,)8(y-¥,), n=1N . Ipn nocrpoernn MM 3a1a4n HEOOXOIMMO

YUHTHIBATE, 4TO KOMILIEKCHas ammanryia 1, (p,) onperensercs Kak cymma AByX (yHKImii:
[n(pn):[;m(pn)+[zi(pn)> n=1N, (11)

rje p, — KOOpJMHATA DACIOJIONKEHUs u3iaydarensd; I, ( pn) — cobereerroe ADP uznydarens

¢ HOMEPOM 71, CO3/IABAEMOE BHEITHUM (CTODOHHHUM) NCTOIHUKOM; I, ( pn) — HABCJICHHAA 9aCTh

A®P, HCTOYHMKOM KOTOPOM $BJSAETCS TIOJA€ PACCesTHUS W TOASA JPYTUX W3IydaTesseit

(B3aMMHOE BAMSIHUE M3JIyYaTesIeH ).

BBe,ILeM CKaJIdpPDHBIC (byHKIlHH ui,S (x,y) — HOPOJAOJIBbHBbIEC KOMIIOHEHTBI II0JIdA MU3JIYYCHUA

-

aHTeHHOH cucreMsl FE;

. u nosst paccesHust Eg , ( E -monspusanus):

Ez{0,0,u(x,y)}; H= _L@u(x,y) L’@u(x,y)’o ; (12)

op  dy ou  ox

rje @ — UUKJAUYECKas 4acToTa 3JIEKTPOMArHuTHOro nojs. Obiiee noje u3jaydeHUusd aHTEHHOH
CHUCTEMBI OIIPENIESINM CJIETYIOIINM 06pa30oM:

4 (p)= %[12’” + 13 |G (p.9,): G(p.g,) =M (kryg, )[4 (13)

n=1

AHaHOFI/ILIHO BBCOECM IIOJIE pacCedHNd, HNCTOYHHMKaAMM KOTOPOI'O HABJANOTCA pacClIpedc/IeHIA
TOKOB Ha KOHType pediekropa L:

Us (p)zjjs (9)G(p-q)dly - (14)
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[TocsienoBaTesbHO OpuUMEHsiss K 0OJACTH HOCTPOEHUS pelleHus BTopyio dopmyay ['puna c
YHYETOM COOTBETCTBYIOIINX I'DAHUYHBIX YCJIOBHH Jlsl IIOJHOIO II0JISL U =u; + U, HA KOHType L
1 CBOHMCTB HENPEPBLIBHOCTH IIOTEHIHAIA IIPOCTOTO CJI0s, TOJYHUHAM CJEJYIONIYIO CUCTEeMY
CyMMaTOPHO-UHTEIPAJIBHBIX YpaBHeHui [ poma:

N
Y1 G(p.g,)+ [ 7 ()G (p.q)dl, =0; pep,:n=1N;
" L y (15)
> 1 G(p.g,)+ [ 7o ()G (p.q)dly, == 1" G(p.q,): p<L.
n=1 L n=1
@yukung [puna B (15) nMeer norapudMUYecKyro OCOGEHHOCTDb, MOITOMY BCE YCJIOBH
CYIIIECTBOBAHUS W HENPEPBIBHOCTH peIeHns] YAOBJIETBOPAIOT TpeDOBaHWSAM JJIsl WHTErDaThb-
vbix ypaeHenuit @pearosibma [ poga. Takum 06pazoM, aHAJOIUMYHO PACCMOTPEHHBIM BBIIIE
IpUMepaM, Ha TIepPBBIA IIJIaH BBIXOJAAT BOIPOCHI JOCTUKEHUS 33/JaHHON TOYHOCTH BBIMUCICHU
Opyd  MUHUMAJBHBIX 3aTPATax KOMIBbHOTEpHOro Bpemenu. [locsie pemenusi cuctembr (15)
ACHMIITOTIYECKAs OIEHKA II0Jd M3JIydeHNs aHTEeHHON cucTeMbl B JaJIbHel 30He, W B IIJIOCKO-

CTH, NEPIEHIUKYAAPHON OCU Z , OIPEJESIeTCd CASAYIOIMIM 00pa3oMm:

[2 . < . .
u= %exp(—lﬂ/4) nzl(l,‘;m+IZ)exp(—lk[xncosgo+ynsmgo])+

(16)
+_[js (Q)exp(_ik[xq COS P+ Yy sin Q’])dlq ’
L

Te @ — asuMyTaJbHBIN yroa pacdeta JH. Koppexmusa OP mpomssoanTca Ha OCHOBAHUU MU-
HUMU3AIME eJ1eBOH (DYHKIMY cJeayomero suaa [8]:
2 +
o)=Y |[Flp)-F[ +w ¥ [F(o)-F | >min, (17)
Ped,, SO

Icm

rae BekTop W =arg /" — dasosoe pacnpenenenne BosOyxuenus OAP; F(@)- HOpMupoBaH-

*
Has ammutyaHag JH ®AP, onpenensiemas ns (16); F — tpebyemas ammauryasas JH c
noJiaBJjieHneM OOKOBOI'O M3JIy4eHUs B CEKTODPe asuMyTaJbHBIX yrjos @, ,; P, — CeKTOp yr-

JIOB, 3aHUMAEMBbIN IJIaBHbIM JieriecTkoM JH; w — ajanTuBHbIl BecOBO# KO DUIIMEHT, pery-

JINPYIOIIUHA BKJIAJ B LEJEBYH (DYHKIUKD OTKJIOHEHUH TOJBKO B 00JIACTH I[JIABHOI'O JIENIECTKA,
CUMBOJ [ ]+ O3HaYaeT CYMMHUPOBAHWUE TOJIBKO TOJOXKUTENLHBIX OTKJIOHEHHWH OT 34/IaHHOTO
yPOBH:A OOKOBOI'O M3/IydeHnsd B cekTtope D, ;.

CrenoBaTeIbHO, HA KaXK/IOM IIare HpONeAypbl MUHUMHU3AINU 1eJIeBOH (DYHKIMU CD(l//)

[POU3BOUTCS PEIIEHNe CUCTeMbl ypaBHeHnii (15), mosToMy moBbIIIeHHbIE TPeOOBAHUSA K TOY-
HOCTU U CKOPOCTU BBIYUCJEHWH M1 paccMaTpUBAEMON 33149l UMEIOT NPUHITNINAJIBLHOE 3HAa-
JeHmre. BuIYNCANTENbHBIE SKCIIEPAMEHTH TTOKA3BIBAIOT, ITO IIpUeMJIeMble Pe3YJIBTATHI MOYKHO
HOJIYYNUTH C TOMOIIBI0 KBaApaTypHbiX dhopmya [aycca — Jlexkanapa ¢ unciom y3sos ot 16 110
32, B 3aBUCMMOCTH OT BEeJMYUHBI napamerpa f/A. s MUHUMHUBAIAN LeeBOH byHKIUN

CD(l//) HCTIOJIB3YIOTCS TIPOTPaMMBI fiinsearch n fminunc cucremsr MATLAB.

Ha puc. 3 npuseieHsl pe3yabTaThl KOPPEKIUMN HOPMHUPOBAHHON aMmmianTyaHoi AH ¢ mo-
JlaBjeHneM DOKOBOIO U3JIydeHUs B cekTope yrios 4,29< ¢ <102
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\ 1
-015 -10 -5

1
0 5 10 @, epao
Puc. 3. Koppekuus 60KOBOro u3JjiyyeHns B 3aJ]aHHOM CEKTOpPE yIJIOB

YpoBeHb OOKOBOI'O WU3JIyde€HUS B ITOM CEKTOPE He HOJ2KeH upesbiiarh 3Hadenue 0,07. Hns
ynpaejaeransg @P ucnonssyem dasoppamarenn ¢ auckperoM dasupoparns 11,252 AP npumem
dukcupoBansbiM: usaydarean ¢ 1 1o 8 u ¢ 25 1o 32 uMerT yPOBEHb HOPMUPOBAHHON aMILIn-
Tyapl 0,5; ¢ 9 mo 24 — ypoeens 1. Takoe AP nerko peanusyercss GUHAPHBIMH CXEMAME JIEIe-
HUs HA OCHOBE KBAJDPATYDHbIX mian cuHdasabix MocToB. Uexonnas JH (ToHKue JuHUM) COOT-
BercTByeT 3amanaomy AP u cuadazmomy ®P. OrmermMm, 9T0 m00ble ACHMMETPUIHBIE
n3amenenns PP, posnukawime npu pabore NporpaMM MUHUMHA3AIMUN [EeJAeBON (DYHKIMY,
Hen30eKHO BEIYT K TMOSIBJIEHUK) HETATUBHBIX (PAKTOPOB — OTKJIOHEHWE I'JIaBHOrO Jjenectka JIIT
u ero pacumupenuro. Jjig yMeHbIEHUS 3TUX (DAKTOPOB HCIOJIb3YETCH BECOBOM KO3(DDUIIMEHT
W, KOTOPBIA MOXKHO OIPEJE/SUTh I0CJIE TPOBEIEHN PAJA BBIYUCIUTE]BHBIX SKCIEPUMEHTOR.
[IpuBesennble pe3yabTaThl I[IOKA3BIBAKT, 4YTO onTuMajbHoe muckperHoe @OP Bener x
CHUKEHWIO YPOBHS OOKOBOTO W3/Ay4YeHWs] B 3aJAHHOM CEKTODe YIJVIOB NPH YCTOWYMBOI
duxcanum raapaoro Aenectka. Ho npu 3Tom obs3aTenbHO HAONIOJAETCS YBeJIMUEeHe YPOBHS
OOKOBOI'0 M3JIYyYeHUs C IPOTUBOIIOJIOXKHONE CTOPOHBI IVIaBHOTO JieniecTKa JH, nosromy obiias
HpOoILg/ypa MUHUMU3AIUYA 1eJeBOH (DYHKIINN JIOJKHA KOHTPOJUDPOBATH IOJIHYH KApPTUHY
OOKOBOIO M3AYYeHHUs sl OIEPATUBHON KOpPpeKIn (pa30BOI0 DACIpeIes e s .

3aKJ/JII0YeHue

1. HWcnonwzoBanue kBajparypsbix dopmyd ['ayce — JlexkaH/ipa HOBBIIIEHHONA TOYHOCTH [03-
BoJisieT uccaegaoparb MM OpoeKTUpYyeMbIX aHTEHHBIX CHUCTEM Oe3 NPOBEJIEHUS HPOLEAYD
BbljIesIeHnst ocobenHOcTell Y, KOTOpbIe AT TOJBKO aCUMITOTUYECKUE OIIEHKU IOBEe-
Husg aapa Y. Ipavoe Beranciaenue koadpdpumuentos CIIAY ¢ ncnompzoarueM 3 ek-

THUBHBIX IIPOr'paMM YHUCJICEHHOTI'O MHTEIPDUPOBAHUA Ja€T BO3MOXKHOCTBH IIOJYYCHUA OIECHOK
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HOTrPEITHOCTER JjI1si OJHOPOIHOTO XapaKTepa BBIYUCAUTENBHBIX Tponedayp. [lpu stom ot-
MEYaeTCd 3aMETHOE YMEHBIIEHNE BPEMEHN BBIYUCJAEHUHN, YTO NPENCTABASET IPAKTUIECKUHT
MHTEPEC MPHU [IPOBEJIEHNN OYEHb OOJIBIIOrO KOJAUYecTBa NuKJndeckux pacderor JIH, oco-
6erno mipu permennn CJTAY BBICOKUX TOPSIKOB, TPOBEJICHNN ONTUMUBAIINN IO W3y e~

HUYAd aHTEHHON CUCTEMBI.

2. Pammonaspaasg opranumsarus gpopmupoBanng 6moanoit crpykTypsl CJTAY, K KOTOpBIM
penyuupyores MY, cymecrBeHHO yckopseT mpotece 3anoiaHerns marpun, MM. DTo pac-
HIUpSET BO3MOXKHOCTH MAaTEMATHYECKOI'O MOJICJUPOBAHUSA CJIOXKHBIX AHTEHHBIX CHUCTEM.
CpaBHeHUE TIOJIyYEHHBIX PE3YJAbTATOB ¢ W3BECTHBIMU TECTOBBIMU DEIIEHUSMU [OKA3bIBALT
BBICOKYIO 3(M(MEKTUBHOCTL U YHUBEPCAJIBHOCTD IPEJJIOMKEHHBIX BBIYUCIUTENLHBIX CXEM
HOBBIIICHHON! TOYHOCTU.
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/LThis paper proposes the some effective numerical methods for studing mathematical models of antenna system.
This paper proposes the some effective numerical methods for studing mathematical models
of antenna system. Formulation of mathematical models is used the rigorous electromagnetic
principies and equations. Using the high precision quadrature formulas for solving Pocklington’s
integral equation and special regularizing procedure is provided the stable modeling results with
given accuracy and high speed.
Keywords: mathematical model, integral equations, quadrature formulas of Gauss-Legendre.
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